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THE TRANSPORT and metabolism of macromolecules in the arterial wall may be important in atherogenesis. Low density lipoproteins 1 " 3 and fibrinogen or fibrin 3 " 5 have been identified in atheromatous lesions by immunofluorescent and histochemical techniques. Lipoproteins have been recovered from atheromatous lesions, 6 ' 7 and the entry of radioiodinated albumin and low density lipoprotein into the human arterial wall has been demonstrated in vivo. 8 However, the rates of macromolecular transport into and within the arterial wall, the physiological factors that influence these rates, and the mechanisms by which transport occurs have not been well defined.
We have measured the concentration profile of radioiodinated albumin across the aortic wall as a function of time following intravenous injection into conscious normal rabbits. Previous studies have provided disparate results. Duncan and colleagues 9 measured labeled albumin uptake in the inner layer of the rabbit aortic wall. In subsequent experiments with dogs 10 " 12 the differences between labeled albumin concentrations in the inner, middle, and outer layers were relatively small. By contrast, Adams and coworkers, 13 ' l4 using autoradiography and a tissue serial sectioning technique, found higher concentrations of labeled albumin and /3-and y-globulins at the adventitial side than at the intimal side of the media of normal rabbits. The converse was true in the presence of dietinduced fatty lesions. Bell and others I5> 16 sectioned frozen swine aortic tissue and found markedly higher concentrations of labeled albumin and fibrinogen near the intimal surface.
In the present study, the transmural distribution of radioactivity was determined from serial tissue sections prepared with a refrigerated microtome. Care was taken to obtain quantitatively reliable data. Excised aortas were frozen immediately after excision to prevent further diffusion, and all non-protein-bound radioactivity was removed from the tissue sections by washing with trichloroacetic acid (TCA).
Methods

MATERIALS
Rabbit serum albumin (4x crystallized, Nutritional Biochemicals) was iodinated with Na 125 I (17 Ci/mg in 0.1 N NaOH, New England Nuclear) by using the iodine mon-ochloride method of McFarlane 17 as modified by Bilheimer et al. 18 with a 1:1 molar ratio of iodine to albumin. Non-protein-bound radioactivity was removed by 4 to 15 sequential dialyses at 4°C against 125 volumes (relative to the volume of labeled albumin solution) of 0.01 % (wt/vol) disodium ethylenediaminetetraacetate in isotonic saline. The fraction of radioactivity precipitable by 10% (wt/vol) TCA averaged 99.3 ± 0.4% after dialysis. Labeling efficiencies averaged 77%, and the specific activity in the injectate ranged from about 0.1 to 0.8 mCi/mg albumin. Gel permeation chromatography on Sephadex G-200 and electrophoresis on cellulose acetate indicated that the labeled preparation was homogeneous. Several experiments were also carried out with bovine serum albumin (4x crystallized, Miles Laboratories) labeled as described above.
ANIMAL PROCEDURES
Labeled albumin (0.5-4.5 ml containing about 1-5 mCi radioactivity) was filtered (sterile 0.22-/im Millex disposable filter unit, Millipore) and injected into the marginal ear vein of normal, conscious New Zealand white rabbits (2.5-4.5 kg) placed in a restraining box with head exposed. The filter was postrinsed with 1 ml of isotonic saline which was also injected. A blood sample was taken from the contralateral ear vein 3-5 minutes after injection and at specified times thereafter for plasma radioactivity determination. In experiments of more than 30 minutes' duration, each rabbit was placed in a cage. Food and water were taken ad libitum, and the rabbit was returned to the restraining box only for blood sampling.
At 10 minutes, 30 minutes, 4 hours, or 24 hours following injection, the rabbit was killed by intravenous injection of a lethal dose of sodium pentobarbital. The descending thoracic aorta was excised immediately and the lumen briefly flushed with isotonic saline. The aorta was slit open longitudinally between the paired intercostal arteries, rinsed briefly again with saline to remove visible traces of blood, gently sandwiched flat between two glass slides, and quickly frozen(Cryokwik, Damon IEC Division) to prevent further diffusion of labeled protein. The elapsed time from killing to freezing was 3-5 minutes, and the tissue was stored at -20°C (1-7 days) until further processing.
TISSUE SLICING
Serial tissue sections across the aortic wall were prepared on a refrigerated microtome (Cryotome no. 1900, Lipshaw). Tissue mounting medium (Ames O.C.T. Compound, Miles Laboratories) containing 3.5% (wt/wt) Evans blue dye first was frozen to the microtome chuck while stirring so as to entrain air bubbles and then leveled with the microtome knife. A sample of frozen aorta (luminal area = about 0.7 cm 2 ) was then warmed, transferred to a separate slide, refrozen, and trimmed to remove the intercostal arteries and deposits of fatty or bloody tissue around the sides. The tissue was gently thawed by breathing on the surface and lightly blotted with surgical gauze to remove any surface ice. The tissue was immediately mounted, intimal surface down, on the leveled mounting medium. The sample edges were scrupulously trimmed of any overhanging material. Additional medium was applied and quickly frozen to buttress the tissue on all sides. The manner of mounting the tissue ensured that all slicing was done in planes parallel to the intimal surface.
After thermal equilibration at -14°C, slices 20 /xm thick were made, proceeding from the adventitial side. In some experiments, slices 10 (im thick were taken in the media, and slices 2 fim or 4 fim thick were obtained immediately adjacent to the intimal surface in several instances. After every slice, the upper and lower edges of the knife blade were cleaned with absorbent paper. Each slice and the associated paper were placed in a precooled test tube and set aside for radioactivity assay. Midway through the sectioning, the tissue sample perimeter was outlined on a precalibrated plastic sheet. The sample area was determined and the volume of each slice calculated.
The transition from adventitia to media was marked by a change from curled, deformable slices to flat, rigid slices and by an increase in opacity. The intimal surface was noted by the appearance of dyed mounting medium. The total thickness (L) between these two borders was estimated to within ±10 to ±20 fim. Slices that contained visible blood contamination or significant surface ice were included in estimates of total thickness but were excluded from analysis of label concentration. Aortic wall thickness was measured as a function of applied pressure when the aorta was stretched to in vivo dimensions. 19 The thickness in the relaxed state (in which it was frozen for this study) was 2.4 times greater than under in vivo conditions.
Each sample provided 10-20 slices between the intima and medial-adventitial border, and 5-9 tissue samples were obtained from each aorta. As sections near the intima were taken, the subjacent tissue sometimes fractured down to the mounting medium, and the slice carried away with it portions of tissue that should have been part of subsequent slices. Visual estimates were made to correct the calculated slice volumes. Slices that took more than 30% extra tissue were excluded from the data analysis, as were subsequent slices with less than 40% of the original tissue surface area.
The accuracy of the sectioning technique was evaluated with 3 H 2 O which was frozen in a plastic test tube of known cross-sectional area, mounted as described above, and sliced at 20-^m increments. The radioactivity in each slice and in the original 3 H 2 O was assayed by liquid scintillation counting. The actual slice thickness was 21 ± 2 /xm.
To obtain the equilibrium distribution of 3 H 2 O in tissue, pieces of rabbit thoracic aorta were incubated for periods of 3 hours and 9 hours at 37°C in Krebs-Ringer phosphate buffer (pH 7.4) containing 3 H 2 O fortified with glucose (1 mg/ml) through which gas (95% O 2 , 5% CO 2 ) was bubbled. The tissue samples then were sectioned, and tissue slices and samples from the incubation medium were counted for 3 H.
RADIOACTIVITY ASSAY
TCA was used to precipitate protein-bound label in all samples to be counted. Injectate and plasma were first diluted 1:1000 and 1:100 with isotonic saline, respec-tively, and unlabeled albumin (25 /xl of 6% (wt/wt) albumin in isotonic saline) then was added to 100 /x\ of diluted sample to increase the bulk of the precipitate. To this was added 2.0 ml of 10% (wt/vol) TCA, and the mixture was centrifuged at 1500 g for 15 minutes. The supernatant fraction was removed carefully, and the pellet was washed with 10% TCA at least once. The same procedure was followed with tissue slices except for the initial dilution. 125 I radioactivity in the final pellet was assayed on a gamma counter (model 5024, Packard Instrument) at a counting efficiency of about 60%. Tissue samples and quadruplicate injectate and plasma samples were counted at the same time so that no correction for decay of 125 I radioactivity was necessary. All slices were counted for at least 10 minutes and had counting rates in excess of 20 counts/min above background (40-70 counts/min). In selected experiments, total radioactivity was counted in original samples and in the pellets and the supernatant fractions following each precipitation.
In two experiments the abdominal aorta also was excised and used to determine the fraction of tissue 125 Ialbumin radioactivity extractable in saline. Pieces of tissue (0.25 g total) were minced and placed in a ground-glass homogenizer containing 5 ml of barbital buffer in 15% (wt/vol) NaCl (pH 8.6) and a small amount of sand. After homogenization for 10 minutes, extraction was continued with gentle agitation for 24 hours at 4°C. The mixture was centrifuged, and the supernatant fraction and tissue debris were assayed for TCA-precipitable radioactivity. initial value after 30 minutes, 68% after 4 hours, and 43% after 24 hours.
Results
The concentration of nonprecipitable plasma radioactivity remained roughly constant over a 24-hour period for three selected experiments (Fig. 2) . The fraction of total plasma radioactivity which was not precipitable by TCA remained about 1 % for 4 hours but increased after 24 hours, largely because of the decreased precipitable plasma radioactivity.
The fraction of radioactivity remaining in tissue after TCA extraction is shown in Figure 3 . The data segregated into two groups: (1) the outer 20% on each side of the media (near the intimal surface and near the medialadventitial border), where radioactivity was consistently higher than (2) the inner 60% of the media. Measured 125 I radioactivity decreased with successive extractions, but two treatments sufficed to remove virtually all nonprecipitable radioactivity. The fraction of radioactivity that was nonprecipitable increased with time. Without TCA precipitation an error in l25 I-albumin concentration of about 70% in the 10-and 30-minute experiments and of nearlŷ 
Relative concentration of tissue T25 / w/i/cft was not precipitable by trichloroacetic acid (TCA) as a function of normalized depth and duration of experiment. C T = the concentration of nonprecipitable tissue radioactivity (counts/min per cm 3 of tissue); Cp a -the initial concentration of nonprecipitable plasma radioactivity; x = the distance from the intimat surface to the midpoint of the tissue slice; and L = the distance between the intimal surface and the medial-adventitial border. Also shown is the equilibrium distribution of 3 
H 2 O in the aortic wall obtained with six samples in vitro, which represents the equilibrium uptake expected for simple passive diffusion. Error bars indicate expected error from propagation of error analysis (nonprecipitable radioactivity) or standard deviation ( 3 H 2 O radioactivity).
200% in the 24-hour experiments would have occurred for the inner 60% of the media. Figure 4 shows profiles of the relative tissue concentration (Cr/Cp,,) for TCA-soluble radioactivity. The data were obtained from a single sample from one experiment at each time period. Data from several adjacent slices have been averaged because of the low levels of nonprecipitable radioactivity concentration. The relative equilibrium concentration of 3 H 2 O is also shown for comparison. The relative tissue concentrations of nonprecipitable radioactivity was about 0.1 at 10 minutes and increased to about 0.3 at 30 minutes. Results at 4 and 24 hours exceeded the equilibrium distribution of 3 H 2 O and had downward gradients near both borders. These data suggest influx of nonprecipitable radioactivity at short times and efflux from the wall at long times. The average value for 3 H 2 O across the media, 0.58 ± 0.13, is lower than the reported weight fraction of 0.71 for water in rabbit aorta, 20 suggesting that a small fraction of tissue water equilibrates much more slowly than the rest since no significant difference was observed between tissue incubations of 3 and 9 hours in the present study- Figure 5 shows relative concentration profiles of 125 Ialbumin from a single, representative 10-minute experi-ment. Media thickness varied from sample to sample (and from rabbit to rabbit), but usually over a relatively small range. Within the media (x/L < 1), the U-shaped profiles from individual samples were fairly consistent. Relative tissue concentration was about 0.001 to 0.002 near the middle of the media and was about 5-fold higher near the intimal surface (x/L = 0); it was at an intermediate level near the medial-adventitial border (x/L = 1). Relative concentrations were higher in the adventitia (x/L > 1). The gradient across the medial-adventitial border was usually steep, and there was a suggestion of a maximum in concentration within the adventitia.
Preliminary experiments with 51 Cr-tagged red cells 21 showed that a substantial fraction of the measured radioactivity in slices from the adventitia was attributable to blood contamination. The variation in relative concentration between samples was much greater than in the media, perhaps reflecting the nonuniform distribution of vasa vasorum evident on visual examination of the adventitia. Because of this variability and because profiles in the media were of primary interest, the adventitial slices were excluded from analysis, as were the occasional medial slices and the rare intimal slices which showed visible blood contamination.
The larger circles in Figure 5 represent averages of data from spatially congruent (in x/L) tissue slices from different samples of the same rabbit aorta. The profiles of these averaged data points from each rabbit are compared in Figure 6 . Also plotted are the grand average profiles (filled circles) which represent similarly averaged data Figure 7 shows a comparison of the grand average profiles for each time period. Because of tissue fracturing and blood contamination, the number of tissue slices represented by each data point is generally less near either border than in the rest of the media.
No significant difference was observed between results obtained with rabbit serum albumin and those obtained with bovine serum albumin. The variation between average profiles from different rabbits was smallest in the 10minute experiments and became greater as duration increased. In the 10-minute experiments, data were obtained very close to the intimal surface, and they showed a steep concentration gradient. A smaller gradient was observed near the medial-adventitial border. The relative concentration was about 0.0015, and the profile was relatively flat near the midplane of the media (0.4 < x/L < 0.7); measurable TCA-precipitable radioactivity was found in all tissue slices in this region. Relative concentration reached about 0.006 near the medial-adventitial border and about 0.023 close to the intimal surface (x/L = 0.015). Therefore, influx of l25 I-albumin into the media 0.6
FIGURE 6
Profiles of relative trichloroacetic acid (TCA)-precipitable tissue radioactivity concentration, averaged for each rabbit, for 10minute, 30-minute, 4-hour, and 24-hour experiments. Half-filled symbols indicate that valid tissue slices were obtained from only one or two tissue samples. Runs 1, 5, 6, 13 , and 14 were with bovine serum albumin; all others were with rabbit serum albumin.
probably occurred from both the luminal and adventitial sides of the aortic wall, but entry occurred to a greater extent across the luminal surface than from the vasa vasorum.
A similar qualitative trend was observed in the 30minute data. The relative concentration levels were higher, and the concentration gradients near either border were less steep. The apparent absence of a very steep gradient near the intimal surface may be artifactual because no slices were obtained as close to the intimal surface as in the 10-minute experiments. The qualitative shape observed in the 10-minute data was preserved at 4 hours, but the relative concentration levels were substantially higher, reaching about 0.006 in the inner media. The concentration levels at 24 hours remained about the same as at 4 hours, except near the intimal surface where the steep gradient was absent.
The relative concentration averaged over the media at each time period is shown in Figure 8 thoracic aorta. The sole exception was the area immediately above the uppermost pair of intercostal arteries, samples of which were obtained in seven experiments. In all but one experiment the concentration levels were higher than the average of all other samples from the same rabbit.
In runs 12 (4 hours) and 19 (24 hours), pieces of abdominal aorta were homogenized and extracted with 15% NaCl. The TCA-precipitable radioactivity recovered constituted 71% and 43%, respectively, of the TCAprecipitable radioactivity originally present in the tissues. Thus, a substantial fraction of the 125 I-albumin was not easily extracted, and that fraction increased with time.
Discussion
The results show that 125 I-albumin rapidly enters the rabbit aortic wall from both luminal and adventitial sides, although relative concentration levels and their spatial gradients are substantially higher near the intimal surface. Influx of l25 I-albumin initially was rapid; measurable concentrations were found throughout the media after only 10 minutes. Net accumulation continued to rise up to 4 hours but at a decreasing rate. After 24 hours the steep intimal gradient was absent, and net accumulation decreased.
Our data suggest that some l25 I-albumin may have been catabolized to TCA-soluble fragments by aortic tissue. Nonprecipitable radioactivity in plasma remained constant over a 24-hour period (Fig. 2) . One would expect it to have disappeared rapidly from the plasma 22 if the only nonprecipitable radioactivity were iodide in the injectate. Since there was no change in nonprecipitable radioactivity when 125 I-albumin was incubated in plasma at 37°C for 24 hours, TCA-soluble radioactivity must have been generated continuously in extravascular tissue. The magnitude and shape of the profiles of nonprecipitable radioactivity at 4 and 24 hours ( Fig. 4) suggest that TCA-soluble fragments were generated in the media and left the aortic wall through both luminal and adventitial sides. Cultured fibroblasts 23 and aortic smooth muscle cells 24 are capable of catabolizing lipoproteins by lysosomal degradative processes. Similar evidence for catabolism of 125 I-albumin has been presented for cultured macrophages 25 and sarcoma cells 2 " but has not previously been demonstrated in vivo.
The likely possibility that 125 I-albumin was degraded by the aortic wall in vivo is consistent with both the increase of TCA-soluble tissue radioactivity with time ( Fig. 4 ) and the decreased rate of accumulation of precipitable tissue radioactivity with time ( Fig. 8 ). However, several other possibilities would have to be considered before the mech-anism^) responsible for the observed temporal behavior can be definitively assessed, including (1) the decay in plasma concentration of 125 I-albumin, (2) efflux of solute from the aortic wall into plasma and into adventitial lymphatics, (3) albumin binding to components of the aortic wall at a rate which is slow compared to the diffusion rate of albumin, and (4) entry into compartments of high and low permeability (e.g., interstitial and intracellular spaces).
The concentration profiles we observed are qualitatively VOL. 40, No. 2, FEBRUARY 1977 different from those previously reported in studies with labeled albumin in rabbits and other species in vivo. Duncan et al. 10 " 12 assumed that the tissue radioactivity which they measured 2 and 10 minutes after injection represented contamination on the endothelial surface or in the vasa vasorum. Our data ( Figs. 6 and 7) show that 125 Ialbumin penetrates all portions of the media after only 10 minutes. In studies with dogs they mechanically divided the descending thoracic aortic wall into inner (intima + media) and outer (media + adventitia) layers. Their data for 3 hours or longer suggested rather flat profiles, with the concentration in one or the other layer slightly higher, depending on the duration of the experiment. Our results, which have much finer spatial resolution, show that at up to 4 hours the concentration is higher near the intimal side than near the adventitial side, but that both levels are substantially higher than those in the middle of the media. In experiments of 24 hours or longer with the descending thoracic aorta of normal rabbits, Adams et al. 13> H found profiles that were higher near the adventitial side and sloped steeply toward the intima. Bell et al. 15 -I6 reported profiles for the arch and abdominal aorta of normal pigs 2 hours after injection which were highest near the intima; no peak near the adventitia was observed. Our results show gradients at both intimal and adventitial sides, with the intimal gradient much steeper than that reported by Bell et al., but the data may not be comparable because of the different location in the aorta. Quantitative comparison is possible between our mean relative concentration data ( Fig. 8 ) and the data reported in several other studies (Table 1 ). In virtually all cases, average concentration levels were substantially higher than those we found. The data of Bell et al. 15 were obtained from the aortic arch which has greater albumin uptake than either the thoracic or abdominal aorta. 9 " 12 ' l5> l6 Their lowest concentrations, which presumably applied to "white" areas that accumulated little protein-bound Evans blue dye, are comparable with our results, as is the 24-hour value from Okishio. 27 An alternative method of data presentation is a normalized mass transfer rate, J s /Cp (1 . J s equals Q-V/At, where V is the volume of aortic wall sample, A is the sample luminal area, and t is the duration of the experiment. J s / Cp,, was calculated from the data in Figure 8 by recognizing that V/A = L, where L is the thickness of the media in vivo. Our results are compared with estimates from two in vivo studies 15 -30 and with data from two in vitro studies 28 ' 29 in Table 2 . The mass transfer rate decreased mark- (Table I 15 ), initial serum albumin specific activity ( Fig. 3 15 ) , and serum albumin concentration (Table IV 15 15 Fry 28 Nerem et al. 29 Ghosh et al. 30 This study § io-9 io-9 10" 9 10" 8 10" 8 10" 9 1O-!O * "White" or "blue" denotes a measure of the extent of uptake of protein-bound Evans blue dye. t Calculated from J s (g/cm 2 per hour) and serum albumin concentration ( edly with time in this study and always was less than that reported by others at comparable times, except for the data of Ghosh et al., 30 who extensively rinsed the aorta in situ before excision.
The qualitative and quantitative differences between our results and those of others may be ascribed in some cases to species differences or to examination of a different portion of the arterial system. We believe these differences also result, in part, from improvements in methodology in this study. The aorta was frozen immediately after excision to minimize diffusion; failure to do so would lead to a flattened concentration profile. We discarded all slices containing blood, inclusion of which could grossly distort the concentration profiles near the adventitial side ( Fig.  5 ). Our sectioning procedure ensured that all slices were made reproducibly in the plane of the intimal surface; visual alignment procedures previously employed can lead to slices oblique to the surface and to flattened profiles. TCA-soluble tissue radioactivity was removed from each slice before counting. Omission of this precaution would increase measured concentrations, particularly in the middle of the media.
Rigorous description of labeled albumin uptake and accumulation in the aorta involves consideration of diffusion, convection, and reaction phenomena in the media as well as influx and efflux at its boundaries. 31 Although such modeling is beyond the scope of this paper, some useful conclusions can be drawn from simple calculations. The shapes of the profiles in Figure 7 suggest that transport within the media is largely of a diffusive character. The highest relative concentration observed near the intimal surface, 0.023, appears far smaller than the value expected, were it in simple equilibrium with plasma, suggesting the presence of a substantial surface resistance to mass transfer. Since the concentration boundary layer in the blood adjacent to the luminal surface can be safely ignored in the present discussion, 28 ' 32 the resistance must reside in the intimal endothelium and is presumably caused by a low diffusive permeability to macromolecules.
Diffusive permeability (P) can be defined as J S /AC, where AC is the concentration difference across the intimal endothelium, if transport across the endothelium is assumed to be in a quasi-steady state. At short times when AC can be approximated by Cp«, and J s is a reasonable measure of the instantaneous rate of uptake, P =J S /Cp,,. An approximate estimate of P for 123 I-albumin transport across intimal endothelium in the descending thoracic aorta of normal conscious rabbits can therefore be obtained from the 10-minute value in Table 2 . However, values of J s /Cp ( , tabulated in Table 2 include a contribution resulting from adventitial entry. About one-third of the l25 I-albumin appears to have entered from the adventitia, and a better estimate of the permeability might therefore be approximately 4 x 10~8 cm/sec.
The observation that significant precipitable radioactivity permeated to the midplane of the media after 10 minutes ( Fig. 7 ) permits calculation of an approximate estimate of the effective diffusion coefficient (D) of 125 Ialbumin in the media from the relation (4 Dt/L 2 ) =0.2 which must be satisfied for this to have occurred. 33 Therefore, D is about 7 x 10~9 cm 2 /sec. This value is nearly 2 orders of magnitude smaller than that of albumin in aqueous solution. 34 Such a reduction is consistent with the 5-to 10-fold reduction in diffusivity of norepinephrine in rabbit aorta 3 ' relative to its value in aqueous solution. The quality D/L is the steady state diffusive permeability for albumin in the media. Since D/L = 8 x 10~7 cm/sec, the diffusive resistance of the rabbit intimal endothelium is about 1 order of magnitude greater than that of the media. A better assessment of the relative significance of the mechanisms involved in uptake and accumulation can be approached with the more detailed analysis described previously. 31 
